We report on a systematic investigation of temperature dependent current-voltage (I-V) characteristics of Pd/ZnO Schottky barrier diodes in the 30-300 K temperature range. The ideality factor was observed to decrease with increase in temperature, whilst the barrier height increases with increase in temperature. The observed trend has been attributed to barrier inhomogeneities, which results in a distribution of barrier heights at the interface. 
Introduction
Zinc Oxide (ZnO) has gained a lot of global interest in the research community because of its direct and wide band gap of 3.37 eV. It has a larger exciton binding energy of 60 meV and hence a high efficiency in excitonic emission [1, 2] . In addition, it has superior electronic properties such as high breakdown voltage, high electron saturation velocity, high thermal conductivity and is very resistant to high-energy radiation, making it a very suitable candidate for applications in space and around nuclear reactors [3, 4] . Furthermore, ZnO has found applications in a number of semiconductor electronic devices such as ultraviolet and bluerange optoelectronics, lasers, photovoltaics, field effect transistors, microwave diodes and sensors [5] . Another attractive characteristic of ZnO is its amenability to conventional wet chemistry etching, being compatible with silicon technology. The ease of etching ZnO with all acids and alkalis offers an opportunity for the fabrication of small-size devices [4, 6] . In realizing semiconductor-based devices, high quality Schottky contacts are critical. The fabrication of semiconductor-based devices is of vital importance as it determines the use of the material in both electronic and opto-electronic applications [4] . The fabrication of high quality devices is influenced by several factors, some of which include, but not limited to semiconductor surface contaminants, metal-surface chemical reaction and subsurface defects [1, 7, 8] . These factors can in turn influence the current-voltage characteristics of devices such as current transport mechanisms.
A good understanding of current transport mechanisms is required for a complete explanation of the current transport across a metal-semiconductor (MS) contact. Several researchers have studied current transport properties of Schottky contacts at room temperature in which a thermionic emission (TE) model has been used to calculate the diode parameters [9, 10] . In these calculations, it was assumed that TE is the dominant current transport mechanism.
However, it has been noted and reported that the analysis of the electrical characteristics of 2 the Schottky barrier diodes (SBDs) only at room temperature does not give sufficient information about the conduction process or the barrier formation at the MS interface [9, 11, 12] . In cases where current-voltage measurements were performed at other temperatures other than room temperature, it has been demonstrated that TE is not the only transport mechanism [13] [14] [15] [16] . An assumption that TE is the only mechanism responsible for the transport of charge carriers across the MS interface could result in erroneous values of the diode parameters. Since transport mechanisms varies in different temperature ranges, there is a need to perform further analysis on the temperature-dependence of I-V measurements to comprehensively describe the current transport mechanisms and obtain accurate values of the diode parameters at different temperatures.
Several researchers [1, 5, [17] [18] [19] have investigated the temperature-dependence of the I-V characteristics of metal/ZnO Schottky diodes and determine several diode parameters in different temperature regions. Asil et al [19] were used in defining the inhomogeneities. One approach, assumes a continuous spatial distribution of the Schottky barrier height (SBH) and the total current cross a Schottky diode is simply calculated by integrating the current determined by the ideal TE theory with an indi-vidual barrier height and weighted by the distribution function. In another approach, it is assumed that some small patches of low SBH are embedded in the uniform SBH area.
The deviation from the TE model observed in the I-V characteristics could be quantitatively explained by the TE mechanism with a Gaussian distribution of the Barrier heights [24] . Hence, we investigated temperature-dependent I-V measurements on Pd/ZnO SBD in the 30-300 K temperature range and determined the Richardson constant that is closer to the theoretical value n-ZnO using the modified plot.
Experiment
In this study, we used bulk single crystals of undoped ZnO samples from Cermet Inc [25] .
Prior to the fabrication of the Schottky and Ohmic contacts, the samples were degreased in acetone, then methanol for five minutes in an ultrasonic bath. The five minutes degreasing in methanol was followed by three minutes boiling in hydrogen peroxide at a temperature of 100 . After treatment with hydrogen peroxide, the samples were blown dry with nitrogen gas. Ohmic contacts with composition of Al/Au and relative thicknesses of 50/30 nm as shown in figure 1 , were deposited on the Zn polar face using the resistive evaporation temperature dependence of the Pd/ZnO Schottky barrier diodes. It can be clearly observed that the characteristics of the device deviate from ideality at low temperatures (30-140 K).
Such deviations are usually attributed to the effect of other current transport mechanisms, which include the generation-recombination of the carriers in the space charge region and 6 tunneling of electrons through the barrier [20] . At temperatures above 200 K, thermionic emission becomes the dominant current transport mechanism [1, 26] . From Figure 2 , the experimental values of ideality factor ) and the barrier height were determined using the intercepts and the gradients of the forward bias I-V characteristics at each temperature, respectively by fitting the pure thermionic emission model to the experimental data.
Using the pure thermionic emission model, the current through a uniform metalsemiconductor interface can be expressed as [27] ,
Where is the series resistance, is the electron charge, is the forward-bias voltage, k is the Boltzmann constant, is the absolute temperature, is the ideality factor and is the saturation current derived from the straight-line intercept of the versus i.e. at ( and is defined by,
where is the effective diode area, is the effective Richardson constant, is the apparent zero-bias barrier height. The ideality factor in equation 1 can be obtained as [28] ,
The zero-bias barrier height (I-V) is determined from the saturation current , obtained at and is given by, other transport mechanisms. A similar trend were also observed by several authors [3, 17, 19, 20] . The observed increase in barrier height with increase in temperature disagrees with the negative temperature coefficient of II-IV semiconductor material [29, 30] . Several researchers have observed the same trend on various Schottky contacts [12, 27, 30, 31] and they have explained it to be possibly related to the temperature-activated current transport of carriers across the MS interface. These carriers at low temperatures are able to surmount the lower barriers through tunneling and therefore the current will be dominated by transport of charge carriers through the patches of lower SBH. As the temperature increases, many electrons gain sufficient energy to surmount the higher barrier areas through thermionic emission [3, 4] . As a result, the obtained barrier height will increase with increase in temperature and bias voltage. 
Richardson constant
To obtain the mean barrier height and the Richardson constant in a range of temperatures, equation 2, can be linearized as [32] ,
The Richardson constant can also be determined from the intercept of the ⁄ versus ⁄ plot shown on Figure 4 . The plot shows some linear behavior at high temperatures the temperature is lowered, the current will flow preferentially through the lower barriers in the potential distribution [9, 12, 14, 20, 31] .
Barrier Height inhomogeneities
In addressing the observed inhomogeneities in the Schottky barrier diodes, which deviates from classical TE theory, some researchers have considered a system of discrete regions of low barrier areas imbedded in a high background of uniform barrier [34] [35] [36] . These behaviors can be explained by assuming the Gaussian distribution of the barrier heights with a mean value and standard deviation , which can be given by [37] ,
Where √ ⁄ is the normalization constant of the Gaussian barrier height distribution. The total I(V) across a Schottky diode containing a barrier inhomogeneities can be expressed as [34] , ∫
where is the current at a bias V for a barrier height based on the ideal thermionic emission-diffusion (TED) theory and is the normalization distribution function giving the probability of accuracy for the barrier height [38] . Substituting equation 1 for and equation 6 for in equation 7 , we obtain the current I(V) through the Schottky barrier at a forward bias V but with a modified barrier as [34] ,
where and are the apparent ideality factor and apparent barrier height at zero bias, respectively, given by [24, 28] , (10) and
It is assumed that the mean SBH, and the standard deviation, are linearly bias-dependent on Gaussian parameters, such that ̅ ̅ and a standard deviation , where ̅ is the barrier height at temperature , and are voltage coefficients which may depend on temperature, quantifying the voltage deformation of the barrier height distribution [20] . The temperature dependence of is small and therefore can be neglected. The decrease of zero-bias barrier height is caused by the existence of a Gaussian distribution and the extent of influence is determined by the standard deviation itself [20, 34] .
The current transport of electrons across a Schottky barrier is affected by the presence of barrier inhomogeneities. These are attributed to fact that charge carriers have insufficient energy to surmount the barriers at low temperatures. Thereby, at these temperature ranges tunneling becomes the dominant transport mechanism of electrons. The tunneling of the electrons through low barrier areas will cause a deviation of the barrier height from the actual value obtained for a homogeneous barrier at the metal-semiconductor interface. A linear fit for the apparent ideality factor, which obeys equation 10 has been obtained and shown in figure 5 . In the low temperature region, the decrease in is caused by the existence of the Gaussian distribution and the extent of influence is determined by the standard deviation itself. In addition, the effect is particularly significant at low temperatures [20] . The fitting of the experimental data using equation 2 or 9 and in equation 3 gives and at zero bias, respectively, which should obey equations 10 and 11. Thus, the plot of versus q/2kT 
The modified Richardson plot
As indicated in figure 3 , the saturation current plot, ln (I s /T 2 ) versus 10 3 /T has shown non-linearity at low temperatures. To address these observed irregularities, one can correct for the barrier height inhomogeneities according to the Gaussian distribution of the barrier height and can therefore modify equation 5 to give [24, 35] ,
and searchers [2, 17, 20, 22, 23] . The difference in the calculated values of the Richardson constant for different temperature ranges can be attributed to inhomogeneity in the barrier. These findings shows how I-V characteristics can be modeled using TE model at high temperatures indicating that TE is the dominant transport mechanism, while at low temperatures, the abnormal behaviors can be attributed to current flow through the low Schottky barrier areas and tunneling.
Conclusion
We have investigated the I-V characteristics of Pd/ZnO SBDs in the 30-300 K temperature range. From the temperature dependence of I-V measurements, the BH was observed to increase with increasing temperature and ideality factor decreases with increasing temperature.
The observed variation of the barrier height with temperature disagrees with the negative 
